Caplice NM, Wang S, Tracz M, Croatt AJ, Grande JP, Katusic ZS, Nath KA. Neoangiogenesis and the presence of progenitor cells in the venous limb of an arteriovenous fistula in the rat. Am J Physiol Renal Physiol 293: F470-F475, 2007. First published March 6, 2007 doi:10.1152/ajprenal.00067.2007.-Venous injury and attendant venous stenosis are major contributors to the failure of hemodialysis vascular accesses. This report describes the presence of neoangiogenesis in the intima and adventitia of the venous limb of an arteriovenous (AV) fistula in the rat, the latter induced by creating an aortocaval fistula. Immunohistochemistry of the venous limb demonstrated the presence of c-Kit-positive cells lining new microvessels with lumen formation and that these c-Kit-positive cells exhibited either a smooth muscle phenotype as reflected by concomitant expression of calponin, or an endothelial phenotype as reflected by expression of endothelial nitric oxide synthase (eNOS). Western analysis confirmed upregulation of eNOS in the venous limb of the AV fistula. Measurement of systemic concentrations of angiogenic cytokines, namely, monocyte chemotactic protein-1, stromal cell-derived factor-1 (SDF-1), cytokine-induced neutrophil chemoattractant, and VEGF, failed to reveal an increase in these cytokines either at 3 or 10 wk after creation of the AV fistula. The angiogenic cytokines VEGF and SDF-1 were not upregulated in the venous limb of the AV fistula either at 2 or 16 wk. We conclude that in this model of an AV fistula in the rat, neoangiogenesis occurs and is constituted, at least in part, by bone marrow-derived cells, the latter differentiating to exhibit either an endothelial or smooth muscle phenotype. In view of these findings, we suggest that this model may offer an experimental approach by which to explore the evolution and significance of neoangiogenesis in the formation and pathobiology of vascular plaques, and the mechanisms that promote dysfunction of hemodialysis AV fistulas.
vide more effective dialysis while incurring a lesser risk of local and systemic infections (1, 2, 9, 12, 26, 27, 34 -38) .
A fundamental lesion contributing to dysfunction and failure of an AV fistula is intimal hyperplasia occurring in the venous limb of the AV fistula (1, 9, 18, 34 -38) . Such lesions cause venous stenosis, predispose to thrombosis, and ultimately compromise the ability of the AV fistula to achieve the desired blood flow rates. Intimal hyperplasia also predisposes to the dysfunction and/or failure of vascular accesses based on synthetic grafts. While the adverse consequences of intimal hyperplasia are clearly recognized, the pathogenesis of this lesion is poorly understood and has received, until quite recently, relatively little attention. Understanding the pathogenesis of venous intimal hyperplasia in either type of vascular access may suggest strategies that can either facilitate the regression of such lesions once present or reduce the likelihood that such lesions would develop in the venous limb of these accesses.
The pathogenesis of intimal hyperplasia in other vasculopathic states, such as primary atherosclerosis, vein graft and cardiac allograft vasculopathy, and restenosis after percutaneous intervention atherosclerosis, is much more extensively studied and better understood (5, 19, 24, 28, 29, 42, 43) . Such studies have increasingly probed the pathobiological significance of neoangiogenesis, the latter often accompanying intimal hyperplasia within the diseased vasculature (10, 19, 29, 43) . New microvessel formation may emanate from the vasa vasorum of the adventitia, and this may be instigated by hypoxic and/or inflammatory stimuli occurring in the hyperplastic vessel; in turn, neoangiogenesis may promote intimal hyperplasia, the growth of atherosclerotic and fibroproliferative plaques, and the rupture of plaques (10, 19, 29, 43) . Intimal hyperplasia and neoangiogenesis thus may not only coexist but may be codependent processes, serving to sustain each other, and ultimately, the progression of vascular disease.
The present report provides a novel description and characterization of neoangiogenesis occurring in the venous limb of an AV fistula in the rat, a model which, as we previously demonstrated, exhibits intimal hyperplasia and proinflammatory changes (31) .
MATERIALS AND METHODS
Rat aortocaval fistula model. This model is described in detail in our prior studies (20, 21, 31) . In brief, the abdominal aorta and inferior vena cava were cross-clamped, and a fistula was created by puncturing the aorta approximately at a point above the aortic bifurcation that was one-third the length of the infrarenal abdominal aorta; the needle was then advanced into the vena cava. Following the removal of the needle, the puncture site on the aorta was sealed by cyanoacrylate glue. Sham-operated rats underwent laparotomy, cross-clamping of the aorta and vena cava without puncturing of the vessels, but with the placement of a drop of cyanoacrylate glue on the aorta. Our studies were approved by our Institutional Animal Care and Use Committee and were performed in accordance with the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health.
Immunohistochemical analysis. Immunohistochemical analysis was performed as described previously on deparaffinized and rehydrated sections (4, 8, 40 Western blot analysis. Western blot analysis was performed as described previously (33) . Blots were incubated with a primary antibody to eNOS (catalog no. 610297, BD Transduction Laboratories) followed by a horseradish peroxidase-conjugated goat antimouse IgG secondary antibody and visualization using a chemiluminescence method (Amersham Pharmacia, Piscataway, NJ). Equal protein loading was confirmed by immunoblotting for ␤-actin (catalog no. 612657, BD Transduction Laboratories).
mRNA expression by quantitative real-time RT-PCR. Total RNA from rat veins was extracted and purified using the TRIzol method (Invitrogen) and a RNeasy Mini Kit (Qiagen, Valencia, CA), and used in reverse transcription reactions (Transcriptor First Strand cDNA Synthesis Kit, Roche Applied Science, Indianapolis, IN) according to each manufacturer's protocol (33) . Quantitative real-time PCR reactions were performed as previously described, and analyzed on an ABI Prism 7900HT (Applied Biosystems, Foster City, CA). Probe and primer sets were designed with Primer Express software (Applied Biosystems) and are detailed in Table 1 . A probe and primer set for the analysis of VEGF gene expression (TaqMan Gene Expression Assay, stock no. Rn00582935, Applied Biosystems) was also utilized in our standard procedure.
Measurement of systemic concentrations of cytokines. ELISA kits for stromal cell-derived factor-1 (SDF-1; Quantikine MCX 120, R&D Systems, Minneapolis, MN), cytokine-induced neutrophil chemoattractant (CINC-1; Quantikine RCN 100, R&D Systems), and monocyte chemotactic protein-1 (MCP-1; catalog no. 555130, BD Biosciences Pharmingen, San Diego, CA) were used to determine serum cytokine levels. An ELISA kit (Quantikine RRV00, R&D Systems) was used to determine the VEGF levels in the rat plasma.
Statistics. Data are expressed as means Ϯ SE. For comparison of two groups, statistical analysis employed the Student's t-test for parametric data and the Mann-Whitney U-test for nonparametric data. Results are considered significant for P Ͻ 0.05. Fig. 1 are intimal hyperplasia in the venous limb of the AV fistula at 16 wk and the presence of neoangiogenesis at the base of the hyperplastic plaque.
RESULTS
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Using c-Kit as a marker for bone marrow-derived cells, immunohistochemistry was undertaken to determine if bone marrow-derived cells populated the plaque. In the intimal plaque, c-Kit-positive cells were detected lining the walls of microvessels, the latter exhibiting patent lumina ( Fig. 2A) . c-Kit-positive cells were also observed in microvessels in the adventitia of the venous limb of the AV fistula (Fig. 2B) . The venous wall in the sham-operated rats did not stain for c-Kit (Fig. 2C) , and there was no staining for c-Kit in the IgG isotype-matched controls in the AV fistula (Fig. 2D) .
c-Kit-positive cells assumed at least one of two phenotypes, as demonstrated by dual labeling studies undertaken with a marker for smooth muscle cells (calponin) or endothelial cells (eNOS). As shown in Fig. 2E , a certain subset of c-Kit-positive cells stained concomitantly with calponin, thereby exhibiting a smooth muscle phenotype. The venous limb of the shamoperated rat showed calponin staining only, with an absence of c-Kit staining (Fig. 2F) .
c-Kit-positive cells also stained for an endothelial marker, namely, eNOS, as shown in Fig. 3 ; these findings indicate that these progenitor cells may also exhibit an endothelial phenotype. We confirmed that eNOS is induced in the AV fistula by Western blot analysis, the latter demonstrating a twofold increase for eNOS (0.58 Ϯ 0.15 vs. 1.21 Ϯ 0.21, standardized densitometric units, P Ͻ 0.05, Fig. 3 ). We also assessed the expression of HO-1 in the venous limb of the AV fistula since HO-1, like eNOS, may be angiogenic and anti-inflammatory. Few vessels in the adventitia and only occasional endothelial cells were positive for HO-1 (data not shown).
To determine whether systemic levels of angiogenic substances were altered in this model, we measured the serum/ plasma levels of MCP-1, SDF-1, CINC-1, and VEGF. As shown in Table 2 , systemic levels of angiogenic cytokines were not elevated in the AV fistula model at a relatively early (3 wk) or a delayed time point (10 wk).
We also examined whether expression of VEGF and SDF-1 was increased in the venous limb of the AV fistula. VEGF mRNA was not induced in the AV fistula either at 2 wk [0.51 Ϯ 0.09 vs. 0.52 Ϯ 0.19, standardized units, P ϭ not significant (NS)] or 16 wk (0.51 Ϯ 0.06 vs. 0.32 Ϯ 0.08, standardized units, P ϭ NS); SDF-1 mRNA was also not induced in the AV fistula either at 2 wk (1.08 Ϯ 0.12 vs. 
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1.84 Ϯ 0.54, standardized units, P ϭ NS) or 16 wk (1.33 Ϯ 0.18 vs. 1.76 Ϯ 0.61, standardized units, P ϭ NS).
DISCUSSION
Exposing the venous vasculature to the arterial circulation, as occurs in an AV fistula, subjects veins to a degree of hemodynamic stress that the venous system was never designed to bear. The creation of an AV fistula subjects the venous system with its relatively low vascular resistance to the comparatively high pressures present in the arterial system, and this leads to markedly increased venous blood flow and shear stress; in areas of the fistula, turbulent blood flow may also occur (32) . Such hemodynamic stress in the venous circulation following the fashioning of an AV fistula may be attended by structural alterations in the venous vasculature. For example, dilatation of veins, by Poiseuille's law, mitigates the increase in shear stress imposed by increased blood flow; and increased thickness of the venous wall, by Laplace's law, lessens the increase in wall tension that would otherwise occur in the venous limb of the AV fistula. These adaptive changes may also be accompanied by maladaptive ones. For example, the venous limb of the AV fistula, as shown in our prior studies of this model, can exhibit exuberant intimal hyperplasia and upregulation of genes that are proinflammatory, procoagulant, and profibrotic (31) .
Our present studies uncover another alteration in the venous vasculature, namely, neoangiogenesis. Neoangiogenesis is well recognized in models of vascular injury (5, 10, 15, 19, 28, 29, 42, 43) and may represent an alteration designed to maintain oxygenation and the supply of nutrients to the thickened vessel wall. Healthy vessels are normally supplied by intraluminal blood or vasa vasorum in the adventitia. Diffusion of oxygen and nutrients from either source is hampered in hypertrophic/ hyperplastic vessels, and this impediment to the delivery of oxygen and nutrients may be circumvented by neoangiogenesis within the wall of the diseased vessel. Such neoangiogenesis, however, may be a maladaptive response as it may promote the progression of atherosclerotic plaques and plaque rupture. Thus neoangiogenesis is considered a pathogenetically significant lesion, and much attention is currently directed to understanding the origin and basis for such new vessel growth (10, 19, 29, 43) .
To determine the basis for neoangiogensis in the venous limb, we determined the origin of these cells, specifically questioning whether cells that constitute these microvessels were derived from the bone marrow. Using the marker, c-Kit, a stem cell receptor protein expressed by bone marrow-derived cells, we noted that the nascent microvessels were lined by c-Kit-positive cells. To determine the phenotype of these c-Kit-positive cells, we employed a colabeling technique that also probed for the presence of a marker for smooth muscle cells (calponin) or endothelial cells (eNOS). These studies demonstrate that these bone marrow-derived cells assume the phenotype of either endothelial or smooth muscle cells.
In an attempt to determine the mechanism accounting for the recruitment of such bone marrow-derived cells, we explored the expression of several potential candidates. Our prior studies demonstrated that MCP-1, a chemokine and recruiter of bone marrow-derived endothelial progenitors, is markedly upregulated in the AV fistula at an early time point (31) . Other potential candidates include VEGF and SDF-1 (5, 15) . Indeed, recent studies demonstrate that VEGF and SDF-1 act in concert to induce angiogenesis: VEGF, derived from tissues exhibiting angiogenesis, recruits bone marrow-derived cells to these tissues; angiogenic precursors within these recruited cells are then retained within these tissues by SDF-1, the latter, itself, upregulated by VEGF (14, 39) . In this regard, we measured VEGF and SDF-1 in the circulation. However, at the time points studied, namely, 3 and 10 wk, we were unable to see upregulation of either of these angiogenic species, or of another angiogenic species, CINC-1. It is possible that changes in the level of these angiogenic substances may exist at time points other than those at which measurements were made.
We also examined whether expression of VEGF and SDF-1 was induced within the venous wall of the AV fistula. Neither cytokine was upregulated in the AV fistula. In this regard, it is notable that in our prior studies a 15-fold increase in MCP-1 expression was observed in the venous limb of this AV fistula. MCP-1 is recognized not only as a potent chemoattractant but also as an angiogenic species (5, 13, 15, 16) , and this chemokine may thus contribute to the angiogenesis observed in the present study.
In the current study, upregulation of eNOS by both immunofluorescence and Western blot analysis was observed in the venous limb of the AV fistula. In models characterized by increased arterial flow, studies by us and others have demonstrated that adaptive increments in eNOS in the arterial circuit allow such increased flow to occur (20 -22) . The present studies extend these observations by demonstrating that upregulation of eNOS also occurs in the venous circulation subjected to increased blood flow.
Clinical observations attest to the fact that proinflammatory as well as profibrogenic cytokines promote the dysfunction and/or failure of hemodialysis AV fistulas (6, 7, 17, 34 -38, 41) . It is also possible that expression of anti-inflammatory molecules may be relevant to the patency of AV fistulas. In this regard, there is interest in the expression of heme oxygenase-1 (HO-1), the latter representing an anti-inflammatory molecule which can decrease expression of MCP-1 and other proinflammatory species (30) . For example, polymorphisms in the HO-1 gene that lead to less HO activity are associated with decreased patency rates for AV fistulas (23) ; additionally, expression of HO-1 may stabilize atherosclerotic plaques in carotid arteries (3, 11) . In the current studies, expression of HO-1 was observed in some new vessels in the adventitia and occasional endothelial cells in the AV fistula.
In summary, we demonstrate that neoangiogenesis occurs in the venous limb of the AV fistula in the rat, and that the composition of these nascent microvessels involves, at least in part, bone marrow-derived cells. In view of these findings, we suggest that this model affords an approach to explore the evolution and pathobiological significance of neoangiogenesis in the pathogenesis of vascular plaques and their complications. We also suggest that these findings are clinically relevant to hemodialysis AV accesses. Neoangiogenesis is well documented in failed AV grafts (18, 36) and in dysfunctional AV fistulas (44) , and a recent presentation called attention to the finding that stenosis in dysfunctional/failed fistulas is accompanied by a relative lack of an angiogenic response (25) . The current model thus offers an experimental approach in analyzing the pathobiological significance of new vessel formation in structural and functional alterations in an AV fistula.
